Abstract -In developing nano-devices and nano-structures, traditional methodologies on MEMS meet the difficulty from the scale restriction. With the strategy of objects assembly, using AFM to handle nano-rods and other nano-objects is considered as an important and high potential technology in constructing nanostructures. However most of AFM only has one tip as the end effector and cannot control both translational and rotational motions during manipulation, this makes it be difficult to realize posture controllable manipulation especially in nano environment. In this paper, the behavior of nano-rod under pushing is theoretically analyzed and modeled. Viscous friction is incorporated in the model and the two situations that the pivot of the nanorod is either inside or outside the rod are addressed. By modeling, the pivot can be determined at each manipulation in real time, and the pushing points can be planned to realize posture controllable manipulation by using nano-hand strategy which is inspired by stable pushing theory of object manipulation in macro world, and to improve the reliability and the precision of manipulation.
I INTRODUCTION
Handling and manipulation nanoscale objects become a key technology for building nano-devices and nano-structures. Atomic force microscopy (AFM) [1] has been proven to be a powerful technique to study sample surfaces down to the nano-scale and has been used as a main nanomanipulation tool for many years [2] . In recent years, various nanomanipulation schemes have been developed [3] , [4] to position and manipulate nanostructures. But the main problem of these manipulation schemes is lack of real-time visual feedback, so the scan-design-manipulation-scan cycle is time consuming and makes mass production impossible. In addition, the problems caused by single tip interaction are still hindering the manipulation efficiency especially in pushing nanoobjects to form some special patterns on building a device or structure.
Nanoparticle and nanorod are considered as the important materials of nano-structured assembly and widely used for many research areas to study the new phenomenon discovered at nanoscale. One of the prerequisites is the controlling arrangement of nano-materials. To achieve this goal, Li et.al successfully demonstrated nanoparticles manipulation through the developed augmented reality system which can provide the real-time visual and force feedback [5] [6] . Chen et.al developed a CAD guided automatic nanoassembly system to manipulate nanoparticles and nanorods [7] . However, current commercial AFM only have one single sharp tip for nanoobject manipulation, and the contacting area between AFM tip and the nano-object is very small. During manipulation, nanoobject is usually lost for two reasons. One is that the tip is easy to slip over the nano-object and another one nano-object may slip away from the AFM tip is it is not exactly pushing on the central point of the nano-object. If this situation cannot be detected, nanomanipulation will fail, and a new image scan is needed to relocate the lost nano-object. A local scan method is proposed in [8] to relocate the missed particle in real time, but it is only a remedial method. If the particle is lost quite often, the time consumed by local scan may be a new bottleneck for high efficiency manipulation. Thus, the fundamental approach is that the nano-object can be real-time stably controlled by the AFM tip without losing during the whole process of nanomanipulation. In our previous research work [9] , we proposed a method of nanomanipulation, this manipulation mimics multi-tip object pushing, called nano-hand strategy. Using this strategy, a stable and controllable nanoparticle pushing can be obtained. This method can also be used to handle nanorods, but the parameters for forming a virtual nanohand, including the pushing speed, pushing target points and step-length, must be obtained in advance for maintaining the stability of the pushing action. Therefore, modeling the behavior of the nanorod pushed by an AFM tip is necessary.
In this paper, we model nanorod manipulated by an AFM tip and develop an algorithm to derivate the instantaneous center of rotation of the nanorod while it is pushed for obtaining the position and orientation of the nanorod. The algorithm is inspired from the method presented in [7] but we included viscous friction in the model so that two situations that the instantaneous center of rotation of the nanorod is either inside or outside the rod are represented. By using the proposed algorithm, the set of the possible position and orientation of nanorod is able to be obtained when we can estimate the error of AFM tip position, and the virtual nano-hand can be formed to realize stable pushing based on the property of the possible position set. Then the nano-hand manipulation strategy can be applied, and a stable and controllable nanorod pushing rather than the traditional, blind, push-and-look approach is realized.
II NANO-HAND STRATEGY FOR STABLE PUSHING
Nanorod is one of the most common nanomaterials, and is especially used to construct nano-structures in AFM based nanomanipulation. In the conventional manipulation process, the nanorod is imaged with the feedback engaged in the first. Then we need to turn off the feedback in z direction, and move the AFM tip to contact and push the nanorod. In this standard process, the AFM is used either as a manipulation tool or an imaging tool, but not both at the same time. When the rod is pushed by an AFM tip, both translational and rotational motion occurs during manipulation, the nanorod will rotate around an instantaneous centre of rotation. The experimental results show that the instantaneous centre of rotation is different under different pushing points, shown as Fig 1-Fig 3. Fig 1 shows the possibility situation that the pivot is inside the rod. Fig 2 shows the possibility situation that the instantaneous centre of rotation is exactly at the end of the rod. Fig 3 shows the possibility situation that the instantaneous centre of rotation is outside the rod. If the pushing point is choose inappropriately, the rod can easily slip away from the tip and the manipulation would fail. Usually, a user can only have the result after taking the second image. Therefore, manipulation of nanorods over long distances can be very time-consuming. In addition, the current commercial AFM only has one single sharp tip. The contact between AFM tip and nano-object is too small to realize posture control during manipulation. Therefore, stable pushing is important on efficient nano-manipulation and assembly.
When the AFM single tip pushes the nanoobject, there is position error in the process of tip locating. In another word, the actual position of the tip is very likely not the same position which is shown on the operating interface. The position error is one of the main reasons which make the manipulation unstable and uncontrollable. Fig. 4(a) shows the possible manipulation results after the nanorod is pushed by the single AFM tip. The rod maybe exists in a wide range near the target position and the posture may be different with the initial one. In order to solve the problems caused by the positioning error and the single tip as the end-effector, an innovative manipulation approach must be developed. In multi-robot object transportation, concepts of object closure [10] and conditional closure are proposed to solve the problem of position error of mobile robots during manipulation. Based on the concept of conditional closure, we proposed a nano-object transportation strategy by moving the AFM tip to a set of predefined positions and generating a short pushing action to the target object from those positions in relative high frequency, as shown in Fig.4 (b). This is a strategy to mimic multi-fingered hand with single AFM tip, and we name it virtual nano-hand. (b) The effect of error of AFM tip position can be reduced and stable pushing is realized by using Nano-hand strategy. Fig. 4 . By using Nano-Hand strategy, the nanorod can be handled to the target position and orientation stably with upper-bounded error, even the error of the AFM tip cannot be ignored in nano-manipulation.
The nano-hand strategy can achieve the effect of multi-tip manipulation with a single AFM tip. By using the nano-hand strategy, the nanorod can be real-time controlled by the AFM 
tip and will not be lost during manipulation, also can realize posture controllable manipulation
III KINEMATICS MODEL OF NANOROD PUSHING
In nano-scale, all the objects are covered by water, so the viscous friction must be considered during modeling. Furthermore, in the mesoscopic regime, friction is no longer proportional to the normal load [11] and the acceleration is not the decisive factor which affects the movement of nanoobject. Experimental results have shown that the nanorod under pushing may have diěerent kinds of behavior, which depends on its own geometry property. The aspect ratio of a nanorod is defined as
, where L is the length of the rod and d is the width. In [4] , Li came to the conclusion that a rod with aspect ratio of ı < 15, then the rod is rigid and the rotation behavior can be observed. This conclusion is also verified in our experiments, a rod which the size are the length L=11.2ȝm, the width d=1.2ȝm, so the aspect ratio is about ı=9.3, the rod will rotate around one point when pushed by AFM tip, shown as in Fig.1 . It is easy to prove that the instantaneous centre of rotation must be on the axis of the rod, so the rod can be simplified as a rigid line segment [4] . Accordingly, the assumption that the rotation of the rod is the uniform circular motion can be considered correct.
In our previous work [9] , it has been verified that the friction force is relevant with the pushing velocity while a nano-particle is pushed by using an AFM tip. Fig.5 shows the results that under the same pushing conditions the PSD voltages change in lateral direction when the AFM tip pushes the nanorod with different velocities, so the pushing speed factor must be considered during modeling the nanorod.
The external forces applied on the rod in surface plane can be modeled as shown in Fig 6 and Fig 7, these two models represent the instantaneous centre of rotation can be either inside the rod or outside the rod respectively. I RC is the instantaneous centre of rotation, L is the length of the rod, l is the distance between the pushing point and the reference end A, s is the distance between the instantaneous centre of rotation and the reference end, r is the distance between a small interval of the rod and the reference end A, r f is the distributed friction force on the small interval, and F is the pushing force from the tip. Different from object handling in macro world, the effect of mass on motion can be ignored in nano-scale, and only the static force balance should be considered. Fig 6 shows the static model that the instantaneous centre of rotation is inside the rod. We assume that the rod is pushed in perpendicular to the rod and there is not motion on the direction of rod.
All the torques around I RC are self balanced during smooth movement, so we can get following expression.
In this case, the angular velocity of rotation is expressed as following equation
where, v p is the velocity of the pushing point.
There must be an s which can minimize F, in which the rod begins to rotate once the pushing force F reaches this minimum force F min . Therefore, the static point I RC can be determined by following equation 0 ds dF (7) When the pushing point is near to the center of the nanorod, the instantaneous centre of rotation maybe is outside the rod. Fig 7 shows the model of this case. All the torques around I RC are self balanced during smooth movement, too, then the equation can be written
The expression of the rotation palstance is changed as following equation
and similarly the pivot can be determined by differential operation.
Then under a certain pushing velocity and a certain pushing angle, the instantaneous centre of the nanorod can be calculated and the pushing points can be determined based on that result to form the virtual nano-hand.
IV NANOROD PUSHING EXPERIMENTS AND INFERENCE OF AFM TIP POSITION ERROR
Several experiments have been done for verifying the validity of the static model of nanorod manipulation. In the experiments, a Zno nanorod, which is 5.65ȝm in length and its diameter is 0.81ȝm, is pushed on the mica substrate. Experiment is done by an AFM machine (veeco Dimension 3100). The experimental tip of the AFM is NSC15/AIBS which is produced by MikroMasch and the diameter of tip at the contacting position is around 20nm.
First we calibrated the parameters c f and c by a set of nanorod pushing experiments. In these experiments, the AFM tip pushes the nanorod under the same conditions that the pushing direction is perpendicular to the rod axis, the distance between the pushing point and the top endpoint of the rod is about 1.5ȝm, and the pushing step is 1ȝm. The rod is pushed with four different velocities and lateral signal of the PSD and the pushing angle are obtained. Using the formulas mentioned in [12] , the lateral force l F can be calculated by
where y F is measured by
where l S is the lateral signal output, l k is the torsional constant of the cantilever, l K is the system constant, h is the height of the AFM tip and I is the pushing angle. Then by solving Eq.12 to Eq.14, the parameters c f and c are obtained. Fig. 9 has shown three experimental results, in these experimental processes, the nanorod is pushed by AFM tip under the same conditions, including that the initial pushing direction is perpendicular to the rod, the pushing velocity is 2.0ȝm/s, the pushing length is about 1ȝm, the parameters of the rod is L=5.686ȝm and l=4.186ȝm. In these three experiments, the initial posture of the rod is different. But the mica surface is flat, and we can assume that surface friction is the same in the all directions of the 2D coordinates. In another word, the initial pushing angle does not affect the manipulation results if the pushing direction is perpendicular to the rod. Fig.9 (c)(f)(i) are the overlapping scanning images generated from initial and resultant scanning. Fig.10 shows the same overlapping images but the initial position and posture of the rod is set in the x direction, by rotating the images. Even the rod is pushed at the same point in the manipulation planning procedure, the results of pushing are with some difference. Table 1 shows the displacements of the center point of the rod after three pushing experiments. x ' is the horizontal PUShing Velocity (ȝm/s) LATERAL FORCE(nN) displacement of the rod center, y ' is the vertical displacement of the rod center, and the angle T ' is the rotation angle of the rod. Fig.9, (a) is the rotated image of (c); (b) is the rotated image of (f); (c) is the rotated image of (i) From table 1, we can see that even under the condition that all the pushing parameters and experimental circumstances the same, the manipulation results were different by each operation. We consider that the main reason for these is that position error of the AFM tip contacting with the rod causes the difference of rod's motion. By using the static model of the nanorod elaborated in section III, the motion of the rod can be calculated not only for the planned contacting point of the AFM tip but also for the position contacting point including the error . Then this kind of numerical calculation will be essential tool on design the nano-hand structure in our future work.
In this section, the numerical calculations for abovementioned experiments are included for illustrating the validity of the proposed mode. We implement the static model of rod in the Matlab program. It is assumed that changes of the pushing angle and the instantaneous centre of rotation can be ignored in a small pushing step. In the following calculation, the whole pushing action is divided into 8 parts, where the motion of rod is generated in every 125nm each calculation step. Then the location of the instantaneous centre of rotation is calculated, and the displacemnt of the rod center in both X and Y direction, rotational angle can be obtained. The numerical simulation results are shown as Fig.11 . From the numerical simulation and experimental results, we can conclude that though the experimental conditions are the same, the results may be different with each other. Blue lines in Fig.11 show the displacement of the center in both X, Y direction and orientation angle of the rod. Also by considering position errors, the numerical simulation results will be improved. The pink lines in Fig.11 ones which is calculated from planned contacting position only. In three simulation experiments, for getting better results, the value of the position error is different. For Exp.1 the value is18nm that is the pushing point moved 18nm near to the pivot direction, Exp.2 the value is 16nm that is the pushing point moved 16nm far away from the pivot direction, in Exp.3 the value is 46nm. From the numerical simulation results we can conclude that the position error must be one of the factors which are considered in process of modeling, this is also our future work. Fig. 12 has shown the experimental result which the instantaneous center of rotation is outside the rod. In this experiment, the length of the rod L=8.0ȝm and the width d=1.7ȝm, the distance between the pushing point and the upper end is l=3.5ȝm, the pushing velocity is 0.5ȝm/s, the pushing length is about 1ȝm. The pushing point is near to the center of the rod, so the rotation angle is very small and the pivot is outside the rod. Based on the model elaborated in section , s obtained is about 1.9ȝm, where s is about 2.1ȝm measured from overlapping image (Fig.12-(c) ), this is due to the position error of the tip. Fig 13 shows the numerical simulation results of this experiment. The displacemnt of the rod center in Xcoordinate and Y-coordinate, the change of rotation angle are shown as Fig 13(a)(b)(c) respectively. The red crosses is the experimental results, the displacement in X direction is about 234nm, the displacement in Y direction is about 1094nm and the change of the rotation angle is about 9.15 Blue lines are the simulation results not considering the position error of AFM tip. Pink lines are the simulation results which are considered existing 28 nm position error. Though the numerical simulation results exist error, we not only can make further optimize model to reduce it but also can limit the inference of error by the nanohand strategy which guarantees realtime controllable manipulation in nano-scale.
V CONCLUSION
In this paper, the relationship between the pushing velocity and the friction is verified, then based on the self-balance conditions of the forces and the torques the behavior of nanorods under pushing has been modeled. By the model the instantaneous centre of rotation can be calculated, and then the movement of the nanorod can be described. In other word, the nanorod can be controlled in read-time by using a nano-hand structure which is designed with the proposed model. According to the result of the possible pushing points with errors, pushing step-length and pushing speed can be planned artfully to form a virtual nano-hand, the manipulation effect as multi-tip system does can be achieved with a single AFM tip. The numerical simulation and experiment result shows validity of the proposed method. This method gives a feasible solution to compensate the shortcomings of single-tip based nanomaipulation and makes nano-assembly such as constructing nano patterns, making nano devices, building nano sensors feasible and applicable.
